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Results of experiment which were conducted to
characterize the performance of a surface diecharge a~
a high-performance, self-closing i~olation owitch for
high energy applications are described. Theee cxperi-
❑ente, conducted under both DC and pulsed conditions ,
lead to a model of awltch operation which enablen the
design of ●uch nwitcheu for multi-aegajoule operation.
The paper describes the nuccesaful lmplementutlon of a
surface switch an an operational component in a multi-
❑egampere
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pulse-power Pyntem.

The Surface Discharge Switch

physical arrun~ement of a tiurlacu di~charge
ehown in Fig 1.
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Figure 1. Physical confi~uretion of the switch.

Tk.c aesential coaponentu include a pair of electrode,
MII irmulecor (the aurfaca of which ❑eparates the elec-
trutl.,%), and a conductor lorated below Lhe tracking
wurfure which carries the circuit’s return current. in
grnc!ral, the return conductor alao eatabliahea the
electric-field diattibutioll in tho dielectric and at
the air/dielectric interface. Whi!e tho precise uhape
of the elecLrcden appeiiro Lo be rehtivtly UIIIMpurtaIllt

the polarity of the ●lectrodqo with rempect to tha
ruturn conductur urrd purtlculerly tlm alectric field at
the insu!.ator/air interface are ❑lgnlficant. In order
LO provide nome control over the electric-field dlatrl-
butlon in and mar the insulator nurface, a thin-full
conduct,~r in irwwrpuratml Ln a practical -witch. Thu
foil in ronrmrted LU one ●lectrode and ●xtendti under
u ume thlrkneun IJI tht inuulatiunu und under, but ilIuu-
Lated trom. LIIO opllus(ta ●lectrwdu~ The depth ●t which
thic foil was puaittormd I.n tht inuulalirm ●uuembly
provida~ L’WntrOl uf Lhc f’etiff distrlbutlrm.

U Str~au—...

The elact.rical chnractcrlrticn of aurluu-trackln~
naps wero a~plor-d rne ● function of uap Ienuth tind llt
the thlckneau ●nd compsltion 01 the dielectric WIIrII M

utrrnn wan npplicd 10 L!iu Hap. “Br~akduwn” waa itlantl-

l~fi-~~~~o-–-”NatLul\~l ~b,Jrat[Jry requuoto Lhal the
publioh~r identify Lhlm artlcl~ ae wurk pcrfurmed un,mr
tlm aurnplc.n uf thfr U.S. tipartuunt of f!nar~y.
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Dfiad with the voltage at which the gap closed a~ the IX 2
voltaBe was ramped upward at the (relatively slow) rate
of 2-5 kVla. The breakdown voltage waa maaeured aa a

function of electrode separation over tht range of 0.02
to 1 eater. A variety of dielectric meceriala includ-
ing polycarbonate, polyester (tlylar) and polyethylene
in several thickneseea waa uned in the teats and the
detuila of theee annembliea are deacrlbed in Table 1.

Table I. D.C. Breakdown TeBts

——

TEST ttATEltIAL CR THICK c
UP

cm pF/eq cm

A Polycarbonate (3/8”)
Polycarbonate (i/A”)

3.2 0.953 0.296
B 3.2 0.635 o.4f’43
c Polyethylene (0.130”) 2.2 0.330 0.568
D Polycarbonate (1/8”) 3.7 00318 ().087
E Hylar (0.005” x 6) 3.0 0.0762 3.46
b Mylar (0.005” x 5) 3.0 0.0635 4.16
G ttylar (0.005” x 3) 3.0 0.0381 6.93
H !tylar (0.005” x 2) 3.0 U.0254 10.4
J Polycarbonate (0.005” x 1) 3.2 0.0127 22.2
u Polyethylene Terefluorate 3.2 0.200 1.54
x Polyethylene Terefluorate 3.2 0.100 3.ulf

———. -—- . . .. . . . .-.—

Andreevl haa reported data for n eimil~r experiment
where other dielectric materiala were used and where
the gap lengths ranged from about (;.25 tu 2 ❑ ttura.
The two oets of data are plotted togotber Ln FiH. 2
over n llmited (LI-20 cm) range oi gap lengthu and ar~
neen tw display qu~ntiLuLivcly ~nd qu#ljLuLLvuly ulmi-
Iur behavior.
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largely independent of the detaila of the evitch gap,
especially of the gap length and the CH of the
innulacion. The time constant of the CLC. cir~uit was
varied by changing the value of the inductor, L, in
order to ●valuate the performance of the gap uncle r

voltage atresaea with different time hiatoriea. Using
tha teat circuit, it wae poeaible to obtain “1-cosine”
voltage waveformE with a race Oi voltage rise of
1.39 kVlne, 0.735 kVlna and 0.417 kV/na averaged along
the aceep part of the ‘~aveform.

--*
1

Figure 3. CLC tetrt circuit.

Voltage hiutoriea for a 15-cm-long ~ap inuulated
with 20 aheeta of 0.005” mylar (1.04 pF/cm ) are e hewn
in Fig. 4 for tvimtowith three different riLWLiMea.
From the IX data in Fig. 2, we might ●xpect such a Nau
to cloee at about 90 kV. In Fig. 4 we idantify “break-
down” with the rapid collapmn of gap voltage. The
figurm ●howa that the peak voltage, juut before break-
down, rang-a from 131J to 200 kV and that the peak volt-
agea decrease monotonically with increasing riuetime,
Thus the data tentatively ●uggeet a strong dependence
of the breakdown procrrae on the voltage ntitiea time.

“~

0 n 10 460 860 800 1tioo I7or-j

TIME (n!3)

flure h. \ulLIIMe wtivafurma for thruw rliuLlmeu.

LII Fig. 5a ullh tho time r~foranr- takwn MM LIIU PIIIIIL
of collaper IIf Mtrp voltnrn~, the dalm uhuu LIIO lnLvrvnt-
in~ ruoult Lhnt 1111 lhrea vult~~e-tlmu hieturlon ltltrr-
BVU1 at a PUIIIL YI Ila prlur tu broakduwn, ruwrdlcrnti of
volln~c rlauLimuO hlrth~rnvcrra, th~ vultuHr fit uhlrh
thu thrur mvvuformn cruna is about 105 kV which dlllvru
frum thu vIIltitBP at whlvlI the I)C Map brumkm Ily only
17%.

Tlw !l#Llr Ill FIB. ‘I in cunmlat~nl wiLh m “nLrvMmrr
Mruwth” rmdul fur hrvakduwt~ und~r pw1awl IIir UIIM.
FIUurr 5 may bp lllturpr~tetl by ubn~rvln~ lhmt, Ior d
I lned fiap Ian#t?i, gap cluaur9 uccure at. Ilnud t,mc
after tho rlmlng vultage ham cromsad ●uma value whluh
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Is independent of pulse shape. This is precisely the
behavior to be expected for a streamer mechanism in
which the process does not begin until the stress in
the gap exceeds a threshold voltage. Subsequent to
this “turn on”, the st~eamer propagates at a velosity
which is substantially independent of the magnitude of
the longitudinal electric fields or of their behavior
in time. The streamer mechanism is further supported
by the streak photograph in Fig. 5b where the advance
of the light (streamer channel) is seen to start at the
time identified as the initiation time, and to reach
tile opposite electrode at the breakdown time following
a nearly straight trajectory characteristic of a con-
a tant speed of advance acroas the gap. A velocity of
propagation of the constant speed track can be deduced
from the data in the figure and is found to be
1.67 mm/ns (15 cm/91 ns).
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Figure 5. Voltage waveforms with common time reterence
at breakdown.

~n Fig, b we plot three voltage profilau for the
intermediate speed (0.735 kV/n8) circuit applied to
gapo tjf three different langtlm. In Lhe figure we show
a meaeurem~nt of the time from thn nominai initiation
of tracking at n voltm~e of 105 kV to the clouure of
the gup, and calculatQ o tracking velocity of 1.66 i
0.01 mmlnu for Lhr three gap langthn, The clohe
agteement betwuu[l trariting vclocitive for gup lellglhb
which differ by murc than A faCtor uf two lurLllur
reinforcr!s the noLion that, eftcr initiutiwu, LhQ track
proc~edo at n fixed tracking velocity th~t in lndepend-
en), of the lungltudlndl eleccrlc field,
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Table 11. Pulsed Breakdown Tests

= —.

TEST NATIRIA1. cSp ‘ini t Ve1t rack
pF/eq cm kV cmfns

..—.

PoSITIVE GAP VOLTAGE

1 Polypropylene (1/4”) 0.320 180 0.242
2 Polycarbonate (1/4”) 0.443 150 0.210
3 Mylar (0.005” x 20) 1.04 105 0.166
4 common class (1/4”) 1.05 98 9.174
5 Polycarbonate (0.005° X 5) 4.43 76 0.150
6 Polycarbonate (0.005” x 2) 11.2 42 0.072
7 Polycarbonate (0.005” x 1) 22.2 24 0.034

NEGATIVE CAP VOLTAGE

8 PoLycarbonate (1/4”) 0.443 -160 0.348
9 Polycarbonate (0.005” x 5) 4.43 -72 0.193

.—. — _———--- ..— —

‘The general behavior of the data 10 clear’.Y
monotonic with the parameter C incraaaed
epecific capacit~nce reeulting in t~th~~~~r track ini-
tiation toltagea, and lower tracking velocities.

‘festa 8 And 9 duplicata tes~a 2 and 5 with the po-
larity of the source reversed erl that Lhe electrode
which experience high ●lectric field in air (the elec-
trode from which the otreamer grows) iu tit a negativu
potential wilh reupect to the return conductor. Though
ntlly twu cusea ate preoented, tliey euggent that rw-
vereing pul.urit;~ lenveo the track initiation Voltugl!
almoat unaffected, but does oeem to incrvasu thv
tracking mpeecl (by ao much aa W%). Whi10 the nugli4i-
ble offtrct on initiation voltage ie Mumuwlmt uur-
priaing, thu cnhtincement of tracking Hpeud im eh~ily
nttributad tu the fact that the (now tle~~ativu) plawmu
at the nouo ot t!lo stre~mer channel iu un Q,l#y nourcu
of ●lectronti Which can ●nhance ionization juut in froot
of the chnnnel. Thus for the tiam~ waveform and gap glJ-
ometry, the reveruul of polarity wou~d result iw clou-
ure at a voltage that is on average lower (becnuee
track

the
movuu fuatwr and clonee orwner) thail tlIIIt

ubtterved with poettlve polarity danpita the fqc!t thol
tha initiati~!] voltage la unchanged.
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Figure ?. Track initiation voltage and tracking
velocity.

In Fig. 7~ we have plotted the track initiation
voltages for testu 1 through 7 from Table 11 oa a func-
tion of Ca , and for comparison, we have included the

int~ from Fig. 2. We observe that the
“tra’’s~~~$~ b~~avi”r that, deacrlbed theatmne C DC bretikdown
data c ntinues to bc useful in describing the pulsed

track initiation data. In comparing tha DC and pulsed
dnta, caro &hould be taken to note that the linee on
Fig. 2 are fitu to the data in t~ie Limits nf long and
uhort gapa and tlmt the intaruectiono of the family of
short gap data with the fumily of long gap data ‘ the
“trannicion” pointu) repraaent Lranoitiona from one be-
hnvior to anothar end are, in fact, not tiood
upproximatione to the ectual I)c breakdown voltagt,e in
the transition regiuna (which may be up to 10% lowar),
in Flgo 7b we plot the tracking vuloc!ity (pulucd dntu
only) alno AD a function of Ca

k’
atld whllu thare :.u uoma

ncetter in the datu, the tra king valocity iti uut!n to
be at lenot gan@ralLy described by:

Ve 1 - U016 c “/2 (cm/na)truck n p (1)

o6

‘rIlllli n relatively utrbight-forwafd upproacli
emargeu for the duui~n ot a aurfac.e uwitch to close t!t
n given volt,ag~. Armed with the ●mpirical rehLion-



ships in Fig. 7, and recalling that the process is one
of tracking beginning at some voltage, and proceeding
with some characteristic speed relatively independent
of the longitudinal field, it is possible to select a
dielectric system (Cs ) strong enough to prevent

!failure prior to the des red track initiation voltage,
and a gap length such that the delay from track initia-
tion to closure provides switching action at the appro-
priate time in the operation of the circu~t.

High Current Performance

In order to seriously eva!.uate a switch based on
surface discharge processes for routine, high energy
operation, it is necessary to consider, not only the
detailed time- and voltage-dependent behavior of the
discharge during the breakdown process, but also to
concider the behavior of the fully developed surface
discharge under condition where the channel ia carry-
ing large currents and where the issues of switch in-

ductance and resistance are among the important con-

cerns .

A high current experiment was performed in ‘cylin-

drical geometry using an explosive pulsed-power system
consisting of a flux compreaaion generator which deliv-
ered about 4 MA to an explosively formed fuse opening
switch. A 20 nli inductive load waa isolated from the
fuse by a cylindrical surface tracking switch. The
mechanical arrangement is ahown in Fig 8.

EXPLOSIVELY
“FORMED FUSE

ELECTRODE

-SWITCH FOIL

._TRACKINQ
SURFACE

PVC COVER

ELECTROOE

INN[.O
INSIILATION

OUTER
l.IgULATION

MYLAR

Figure H. Physical cunfigurotion of hlgll currt,nt
experiment,

Tlw HwiLch WUBbuilt of aluminum electrrxle~ ~puccd
11 cm uport nnd thu ~wltch foil , conncctt!J LO the nugu -

tivu clectrude, waH loctited below 30 mil~ (JL Mylnr to
form n “potiltlvc Mop”, The cylindrical HW1lCII had II

circumference of 81 cm. tn addltiun, u c~cur ().16-cm-

thlck PVC sbcet woe wrupped around the uutuidc u t the
l.b-cm-thick ~luct’rude~ to reduce the r+ldi,ll “lift uif”
01 !,he HUrfllCe UWiLCh ChUnllelU. The current Lllrou~ll

the switch :Iml the lend rind the voltage meti~ured ticroti$

oIIly tl!c Hwitch HfIp ore ~hown in Fig 9tI. I)lvldlllg thl,

switch voltage by the loud Lurrentt wu obtollt tlIu

~witch impud~lncc SIIOWII in Fig. 90. in thu fly,ur~!, tlN!
impedance is seen to reach a ,,linlmum of about 1 m~l. 1 u

addition to electrical diagnouticu, an Illlucl.in 790
framing camera warn uned to view the nwitcb during opvr-
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.
ation. The frame showed initially 10 bright channels,
and by 600 ns later about 30 channela had formed.
Ultimately these 30 channels carried 2.5 MA or abou~
80 kA/channel.
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Figure 9. High current performance

Conclusion

12xperimentr3 which explore the

of surface switch.

breakdown bel)avjor
of self-clo~ing surface tracking ~witches are reported.
The breakdown m{!chanism was observed to follow differ-
ent behavior in each of. three regions, and the long
gap-streamer mechanism irr probably the moat controllc.-
ble. The lorrg-g~p mode can be characterized in terms

lf a track initiation voltage, and a tracking velocity,
and armed with that information, switches have been
designed that work at voltages of hundreds of kilovolts
and megampere currents.
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